Curcumin has potent antioxidant and anti-inflammatory properties, and it modulates signaling of peroxisome proliferator-activated receptor-␥ (PPAR␥), an important molecule in the pathobiology of BPD. However, its role in the prevention of BPD is not known. We determined 1) if curcumin enhances neonatal lung maturation, 2) if curcumin protects against hyperoxia-induced neonatal lung injury, and 3) if this protection is mediated by blocking TGF-␤. Embryonic day 19 fetal rat lung fibroblasts were exposed to 21% or 95% O 2 for 24 h following 1 h of treatment with curcumin. Curcumin dose dependently accelerated e19 fibroblast differentiation [increased parathyroid hormone-related protein (PTHrP) receptor, PPAR␥, and adipocyte differentiation-related protein (ADRP) levels and triolein uptake] and proliferation (increased thymidine incorporation). Pretreatment with curcumin blocked the hyperoxia-induced decrease (PPAR␥ and ADRP) and increase (␣-smooth muscle actin and fibronectin) in markers of lung injury/repair, as well as the activation of TGF-␤ signaling. In a separate set of experiments, neonatal Sprague-Dawley rat pups were exposed to 21% or 95% O 2 for 7 days with or without intraperitoneal administration of curcumin. Analysis for markers of lung injury/repair [PTHrP receptor, PPAR␥, ADRP, fibronectin, TGF-␤ receptor (activin receptor-like kinase 5), and Smad3] and lung morphology (radial alveolar count) demonstrated that curcumin effectively blocks TGF-␤ activation and hyperoxia-induced lung injury. Therefore, curcumin accelerates lung maturation by stimulating key alveolar epithelial-mesenchymal interactions and prevents hyperoxiainduced neonatal lung injury, possibly by blocking TGF-␤ activation, suggesting that it is a potential intervention against BPD. bronchopulmonary dysplasia; hyperoxia; transforming growth factor-␤ APPROXIMATELY 30% of premature infants with birth weights Ͻ1,000 g develop bronchopulmonary dysplasia (BPD) (15). The "new" BPD is characterized by abnormal lung cytoarchitecture, characterized by deranged alveolarization, with minimal large and small airway changes, and relatively mild inflammation and fibrosis (9). Infants with BPD are at significant risk of increased morbidity and mortality. They are unable to oxygenate efficiently and often require O 2 supplementation well into childhood. Although the pathogenesis of BPD is not completely understood, hyperoxia, inflammation, and/or ventilator exposure of the premature lung are the principal causative factors (33). More importantly, there is no effective intervention to prevent or treat BPD (3).
APPROXIMATELY 30% of premature infants with birth weights Ͻ1,000 g develop bronchopulmonary dysplasia (BPD) (15) . The "new" BPD is characterized by abnormal lung cytoarchitecture, characterized by deranged alveolarization, with minimal large and small airway changes, and relatively mild inflammation and fibrosis (9) . Infants with BPD are at significant risk of increased morbidity and mortality. They are unable to oxygenate efficiently and often require O 2 supplementation well into childhood. Although the pathogenesis of BPD is not completely understood, hyperoxia, inflammation, and/or ventilator exposure of the premature lung are the principal causative factors (33) . More importantly, there is no effective intervention to prevent or treat BPD (3).
Mesenchymal interstitial fibroblasts play an important role in lung development and injury/repair (16, 34, 36, 38) . During lung development and injury/repair, alveolar interstitial fibroblasts (AIFs) differentiate into lipid-laden AIFs (lipofibroblasts), which promote alveolar epithelial cell proliferation and differentiation (36) . However, if AIFs lose their lipogenic phenotype and transdifferentiate to a myogenic phenotype, i.e., myofibroblasts, they are not conducive to lung epithelial cell growth and differentiation (36) . In fact, abnormally located myofibroblasts are the "hallmark" of chronic lung diseases, including BPD (20, 37) . Peroxisome proliferator-activated receptor-␥ (PPAR␥), a member of the retinoid X-receptor heterodimer family of the retinoid/steroid/thyroid hormone superfamily of ligand-activated nuclear receptors, is the "key molecular switch" that determines adipocyte differentiation (2, 11, 17, 21, 24) . PPAR␥ is sufficient to trigger the adipocyte differentiation cascade and confer a lipid-storing phenotype on mesenchymal cells in culture, characterized by the expression of other lipid-related proteins, e.g., adipocyte differentiationrelated protein (ADRP). In the developing rat lung, PPAR␥ expression peaks just prior to delivery on embryonic day 21 (e21) to e22 (e0 ϭ day of mating) and is increased by paracrine mediators that enhance fetal lung maturation (31) . In contrast, loss of PPAR␥ expression leads to transdifferentiation of lipofibroblasts to myofibroblasts.
In a neonatal rat model, we previously showed that exposure to short-term (24 h) and long-term (7 days) hyperoxia (95% O 2 ) disrupts the alveolar epithelial-mesenchymal paracrine homeostatic signaling pathway, characterized by downregulation of the lipofibroblastic phenotype (PPAR␥ and ADRP) and upregulation of the myogenic phenotype [␣-smooth muscle actin (SMA), fibronectin, and calponin] (5, 23) . This is accompanied by pulmonary morphological changes, such as larger alveoli, decreased alveolar number, and increased interstitial thickness, all changes consistent with development of the new BPD.
Transforming growth factor (TGF)-␤ signaling is critical for normal lung development and the lung injury/repair response. This signaling is initiated by ligand-induced serine/threonine receptor kinases and phosphorylation of the cytoplasmic signaling molecules Smad2 and Smad3. Smad6 and Smad7 are part of the negative-feedback loop, which is upregulated by TGF-␤ activation. We previously demonstrated dose-dependent increases in intracellular reactive oxygen species production on exposure to hyperoxia under in vitro conditions (31) . More recently, in a rat model, we demonstrated TGF-␤ activation under in vivo conditions, as evidenced by increased activin receptor-like kinase (ALK)-5, phosphorylated Smad3, and total Smad7 expression, accompanying myofibroblast proliferation on exposure to hyperoxia (5).
Curcumin, a lipophilic polyphenol compound that is an active ingredient of the Indian spice turmeric, is known to have potent antioxidant, anti-inflammatory, and antimicrobial properties. It is known to inhibit the inflammatory response by modulation of cyclooxygenase-2 and lipoxygenases; production of inflammatory cytokines such as TNF-␣, IL-1, -2, -6, -8, and -12, monocyte chemoattractant protein, and migration inhibitory protein; and activation of mitogenactivated protein kinases and NFB (1, 6, 8, 30) . Furthermore, it has been shown to inhibit bleomycin-induced pulmonary fibrosis by modulating TGF-␤ signaling (4, 28). As outlined above, BPD pathogenesis is closely linked to oxidant damage and the inflammatory response following exposure of the premature lung to stimuli that predispose to BPD. However, it is not known if curcumin has an effect on the development of BPD. We hypothesize that curcumin, by upregulating homeostatic AIF PPAR␥ signaling, enhances neonatal lung maturation and prevents hyperoxia-induced neonatal lung injury and that this protective effect is mediated by blocking hyperoxia-induced activation of TGF-␤ signaling.
METHODS
In vitro studies. Fetal rat lung fibroblasts were isolated from e19 Sprague-Dawley rats and cultured at 37°C in chamber slides, six-well plates, and 100-mm dishes, as described by us previously (21, 36, 38) . At near confluence, cells were exposed to 21% or 95% O2 for 24 h with or without 1 h of pretreatment with curcumin (1, 5, 10, or 20 M) . The rate of cell proliferation was determined on the basis of [ 3 H]thymidine incorporation into DNA (25) . Cell differentiation was determined on the basis of Western analysis for fibroblast differentiation markers, i.e., parathyroid hormonerelated protein (PTHrP) receptor (1:100 dilution; catalog no. sc-12722), PPAR␥ (1:250 dilution; catalog no. sc-7196), ADRP (1:250 dilution; catalog no. sc-32888), and fibronectin (1:1,000 dilution; catalog no. sc-9068), which were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and ␣-SMA (1:100,000 dilution; catalog no. A2547), which was obtained from Sigma (St. Louis, MO). TGF-␤ signaling was assessed by Western analysis for Smad3 (1:200 dilution; catalog no. sc-101154) and TGF-␤ receptor 1 (ALK-5, 1:350 dilution; catalog no. sc-398), which were obtained from Santa Cruz Biotechnology, and phosphorylated Smad3 (1:500 dilution; catalog no. 9514), which was obtained from Cell Signaling (Danvers, MA). Cell apoptosis was assessed by Western analysis for Bcl-2 (1:500 dilution; catalog no. sc-492) and Bax (1:1,000 dilution; catalog no. sc-493), which were obtained from Santa Cruz Biotechnology.
Triolein uptake. Triolein uptake was determined as described by us previously (32) . Briefly, culture medium was replaced with DMEM containing 20% adult rat serum mixed with [ 3 H]triolein (1 Ci/ml). The cells were incubated at 37°C in 5% CO 2-balance air for 4 h. At the termination of the incubation, the medium was decanted, and the cells were rinsed twice with 1 ml of ice-cold PBS and then thoroughly homogenized. An aliquot of the cell homogenate was taken for protein assay, and the remaining suspension was extracted for neutral lipid content. Oxidative stress. Oxidative stress was assessed by determination of the NADP-to-NADPH ratio following the manufacturer's protocol (catalog no. ab65349, Abcam, Cambridge, MA).
In vivo hyperoxia exposure system and animal protocol. First-timepregnant Sprague-Dawley rat dams were housed in humidity-and temperature-controlled rooms on a 12:12-h light-dark cycle and allowed food and water ad libitum. On day 22 of pregnancy, the dams delivered naturally. The pups were pooled, randomized, and returned to the nursing dams. One set of pups was maintained in 95% (vol/vol) O 2, while the other set was maintained in room air-21% (vol/vol) O2. Nursing dams were rotated between hyperoxia-and room air-exposed litters every 24 h to prevent O2 toxicity in the dams. Continuous 95% O2 exposure was achieved in a Plexiglas chamber (77 ϫ 64 ϫ 37 cm) by a flow-through system. The O2 level inside the Plexiglas chamber was monitored continuously with an O2 analyzer (MAXO2, Ceramatec). Experimental pups were grouped as controls (21% O2 for 7 days ϩ placebo intraperitoneal saline administration), 21% O2 ϩ curcumin, hyperoxia only (95% O2 for 7 days ϩ placebo), and hyperoxia with curcumin (95% O2 for 7 days ϩ curcumin). Curcumin (Sigma) was first dissolved in DMSO (16 g/l) and then, according to the body weight of each animal (5 mg/kg), further diluted with sterile saline to 50 l volume and administered intraperitoneally with a microsyringe once a day. After the 7-day experimental period, the pups were killed using 0.1 ml of Euthasol (390 mg/ml pentobarbital sodium ϩ 50 mg/ml phenytoin; Virbac Animal Health) per pup, and lungs were collected and processed for Western analysis and immunofluorescence staining (see below). All animal procedures were performed following National Institutes of Health guidelines for the care and use of laboratory animals and were approved by the Los Angeles Biomedical Research Institute Animal Care and Use Committee.
Lung morphology. Lung morphometry was assessed by determination of radial alveolar count by an investigator unaware of the treatment groups, as described by us previously (5) .
Western analysis. The isolated lungs were flash-frozen in liquid nitrogen and then homogenized and sonicated in ice-cold RIPA lysis buffer (500 l/25 mg of lung tissue) containing 50 mM Tris·HCl (pH 7.4), 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS (catalog no. BP-115, Boston Bioproducts, Ashland, MA) with 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 10 g/ml leupeptin, 10 g/ml aprotinin, and 2 g/ml pepstatin A. After centrifugation at 13,200 g for 15 min at 4°C, the supernatant was used for Western blot analysis for PPAR␥, ␣-SMA, fibronectin, phosphorylated and total Smad3, Smad7, ALK-5, Bcl-2, Bax, and 3-nitrotyrosine. The protein concentration of the supernatant was measured by the Bradford method, with bovine serum albumin as the standard. Aliquots of the supernatant, each containing 25 g of protein, were separated by SDS-PAGE and electrically transferred to nitrocellulose membranes. Nonspecific binding sites were blocked with Tris-buffered saline (0.1% TBS) containing 5% nonfat dry powdered milk (wt/vol) for 1 h at room temperature. After a brief rinse with TBS containing 0.1% Tween 20 (TBST), the protein blots were incubated in primary antibody [PPAR␥ (1:500 dilution; catalog no. sc-7196), ADRP (1:250 dilution; catalog no. sc-32888), fibronectin (1:600 dilution; catalog no. ; ␣-SMA (1:10,000 dilution; catalog no. A2547) and 3-nitrotyrosine (1:1,000 dilution; catalog no. N5663, both from Sigma); and GAPDH (1:10,000 dilution; MAb 374, Chemicon, Temecula, CA)] overnight at 4°C and then with the appropriate secondary antibody for 1 h at room temperature. After three washes in TBST, the blots were exposed to X-ray film using SuperSignal West Pico chemiluminescent substrate (Pierce Biotechnology, Rockford, IL) and developed. The relative densities of the protein bands were determined with UN-SCAN-IT software (Silk Scientific, Orem, UT) and normalized to that of GAPDH.
Immunofluorescence staining. At e19, AIFs were subjected to hyperoxia (95% O 2) for 6 h with or without 1 h of curcumin pretreatment (10 M). Control cells were kept in 21% O2. Confocal immunofluorescent analysis for Smad3 (green; catalog no. C67H9, Cell Signaling) and nuclei (blue; TO-Pro-3 Iodide, Invitrogen) was performed as described previously (22) . For tissue immunofluorescence staining for the relevant proteins, rat lungs were inflated in situ with 4% paraformaldehyde in phosphate buffer at a standard inflation pressure of 5 cmH 2O for 4 h at 4°C. The lungs were subsequently transferred to PBS containing 30% sucrose (wt/vol) until equilibrated in the cold (4°C). After fixation, 5-m paraffin sections were treated three times with Histo-Clear for 5 min and then rehydrated by a sequential ethanol wash. Sections were then washed twice for 10 min with PBS and blocked for 1 h in PBS-5% normal goat serum-0.2% Triton X-100. Sections were incubated with primary antibodies for 1 Fig. 3 . Effect of curcumin on hyperoxia-induced apoptosis in e19 AIFs. Exposure of cultured e19 AIFs to 95% O2 for 24 h resulted in decreased Bcl-2-to-Bax ratio (A), an effect that was blocked by 1 h of pretreatment with 5 M curcumin. Under normoxic conditions, 24 h of treatment with 20 M curcumin increased fibroblast apoptosis (decreased Bcl-2-to-Bax ratio), while 5 and 10 M curcumin had no effect (B). Values are means Ϯ SE. Fig. 4 . Hyperoxia-induced increase in oxidative stress and activation of the TGF-␤ pathway and their blockage by curcumin pretreatment. In cultured e19 AIFs exposed to 95% O2 for 24 h (to determine oxidative stress) and 30 min (to determine TGF-␤ activation), NADP-to-NADPH ratio and phosphorylated-to-total Smad3 ratio (P-Smad3/T-Smad3) were significantly increased. Similarly, 95% O2 exposure of e19 AIFs for 24 h caused a significant increase in activin-like receptor kinase (ALK)-5 expression. All these effects were completely blocked by 5 M curcumin pretreatment. Values are means Ϯ SE; n ϭ 3. Statistical analysis. Experiments were done at least three times independently. Differences between the groups were evaluated by one-way ANOVA followed by Newman-Keuls post hoc test and unpaired Student's t-test as needed. P Ͻ 0.05 was considered to be statistically significant. Values are means Ϯ SE.
RESULTS
Since our working hypothesis is that curcumin stimulates lung maturation, protecting the lung against oxidant injury, we first examined the effect of curcumin on lung fibroblast differentiation, the determinant of alveolar maturation, in cell culture. Curcumin stimulated e19 fetal rat lung fibroblast proliferation and maturation, as indicated by dosimetric increases in thymidine incorporation (28 Ϯ 4.9%, 110 Ϯ 11.2%, and 75 Ϯ 7.3% vs. control at 1, 5, and 10 M curcumin, respectively; Fig. 1A ) and PTHrP receptor (79 Ϯ 6.6% at 5 M curcumin; Fig. 1B) , PPAR␥ (74 Ϯ 3.2% and 104 Ϯ 5.9% at 5 and 10 M curcumin; Fig. 1C) , and ADRP (59 Ϯ 3.8%, 136 Ϯ 7.5%, and 145 Ϯ 6.9% at 0.1, 5, and 10 M curcumin; Fig. 1D ) protein levels. Curcumin also stimulated triolein uptake by AIFs (48 Ϯ 1.8% and 75 Ϯ 5.9% at 5 and 10 M curcumin; Fig. 1E ), indicating stimulation of their lipofibroblastic phenotype. In cultured e19 fetal rat lung fibroblasts, 95% O 2 exposure for 24 h inhibited PPAR␥ (20 Ϯ 3.9%) and ADRP (27 Ϯ 2.1%) protein levels, which were blocked by 5 M curcumin (Fig. 2, A and B) , and hyperoxia increased ␣-SMA Fig. 5 . Hyperoxia-induced increase in Smad3 and its nuclear translocation and their blockage by curcumin pretreatment. In cultured e19 AIFs exposed to 95% O2 for 6 h, Smad3 translocated to the nucleus (white arrows), an effect that was at least partially blocked by 1 h of pretreatment with 10 M curcumin. Original magnification ϫ20.
(33 Ϯ 3.1%; Fig. 2C ) and fibronectin (55 Ϯ 7.3%; Fig. 2D ) protein levels; both effects were blocked by 5 M curcumin. Again, as an overall measure of lipofibroblast function, hyperoxia exposure decreased triolein uptake by 56 Ϯ 3.8% (Fig.  2E) , an effect that was markedly attenuated (27 Ϯ 3.2%) by curcumin treatment. The protective effects of curcumin on hyperoxia-induced changes in e19 AIF proliferation and differentiation were also accompanied by blockage of the hyperoxia-induced increase in fibroblast apoptosis, as demonstrated by blockage of the hyperoxia-induced decrease in the Bcl-2-to-Bax ratio (Fig. 3A) . However, at 20 M, curcumin by itself increased fibroblast apoptosis (Fig. 3B) . The mechanism for the cytoprotective action of curcumin is shown in Fig. 4 : hyperoxia increased the NADP-to-NADPH ratio, a marker of oxidative stress (Fig. 4A) , as well as the phosphorylated-to-total Smad3 ratio (67 Ϯ 3.3%) and the expression of ALK-5 (36 Ϯ 4.2%), both indicating TGF-␤ activation (Fig. 4, B and C) ; all these effects were blocked by curcumin at 5 M. Consistent with these molecular cytoprotective effects, hyperoxia increased the immunostaining for Smad3 and ␣-SMA (Fig. 5) , effects that were blocked by 10 M curcumin.
The in vivo cytoprotective effects of curcumin are shown in Fig. 6 : hyperoxia decreased the alveolar count by 39 Ϯ 4.0%, an effect that was significantly prevented by oncedaily intraperitoneal treatment with curcumin (5 mg/kg).
The cellular mechanism by which the hyperoxia exposure inhibited alveolarization is shown in Fig. 7 : it decreased PPAR␥ levels by 16 Ϯ 3.0%, while it increased ␣-SMA (25 Ϯ 4.7%) and fibronectin (50 Ϯ 2.8%) levels, all of which were blocked by curcumin treatment. Blockage of the hyperoxiainduced increase in ␣-SMA and the decreases in PPAR␥ and platelet endothelial cell adhesion molecule (CD31) by curcumin treatment were corroborated by immunostaining (Fig.  8) . Examination of TGF-␤ signaling (Fig. 9) revealed that hyperoxia increased the phosphorylated-to-total Smad3 ratio (67 Ϯ 2.9%), an effect that was significantly inhibited by curcumin. Treatment with curcumin under normoxic conditions did not affect the basal phosphorylated Smad3 level (Fig.  9A) . Moreover, the hyperoxia-induced increase in ALK-5 (31 Ϯ 2.0%; Fig. 9B ) and Smad7 (92 Ϯ 8.5%; Fig. 9C ) protein levels was also blocked by curcumin treatment. Since, under in vitro conditions, we observed that curcumin blocked oxidative stress (Fig. 4A) , we next examined the effect of curcumin on hyperoxia-induced changes in 3-nitrotyrosine protein levels, a marker of nitrosative damage as a consequence of oxidative stress under in vivo conditions. Not surprisingly, the hyperoxia-induced increase in lung 3-nitrotyrosine protein level was blocked by curcumin (Fig. 10) . Finally, consistent with our in vitro data (Fig. 3) , the in vivo hyperoxia-induced increase in cellular apoptosis was also blocked by curcumin, as demon- Fig. 6 . In vivo protective effects of curcumin against hyperoxia. Exposure to 95% O2 for 7 days caused a significant decrease in the alveolar count of experimental rats, an effect that was effectively blocked by concurrent treatment with curcumin (5 mg/kg). Values are means Ϯ SE; n ϭ 3. strated by Western blotting (Fig. 11A) and immunostaining ( Fig. 11B) for Bcl-2 and Bax proteins.
DISCUSSION
BPD was originally identified by Northway et al. (19) and later redefined by Jobe (9) as the new BPD. It is essentially a disease of prematurity that is caused by a wide variety of proinflammatory factors, including barotrauma, oxotrauma, and infection (3, 7, 9, 15, 18) . All these agonal insults seem to funnel through the common pathway leading to delayed alveolarization and myofibroblast proliferation (33) . Conversely, by stimulating the lipofibroblast phenotype (36) , as determined by PPAR␥ expression (16), we have been able to prevent all these injuries (33) . Because of the close relationship between lipofibroblast maturation and these diverse effectors of BPD, we have devised a developmental model for the prevention and Fig. 7 . Molecular mechanism by which hyperoxia exposure inhibits alveolarization and how curcumin blocks this effect. Exposure of newborn rat pups to 95% O2 for 7 days significantly reduced PPAR␥ protein level (A) and increased ␣-SMA (B) and fibronectin (C) protein levels. All these effects were blocked by concurrent treatment with 5 mg/kg curcumin. Values are means Ϯ SE; n ϭ 3. Fig. 8 . Molecular mechanism by which hyperoxia exposure inhibits alveolarization and how curcumin blocks this effect. Increase in ␣-SMA and decreases in PPAR␥ and platelet endothelial cell adhesion molecule (PECAM, CD31) protein levels induced by 7 days of hyperoxia (95% O2) in vivo were corroborated by immunostaining. All these effects were blocked by concurrent treatment with 5 mg/kg curcumin. Representative images are shown, and locations of the specific proteins are indicated by white arrows; nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI). Images are representative of results from 3 experiments. treatment of lung injury that leads to a "BPD-like" picture experimentally (33) and integrates all these factors mechanistically.
In the present series of studies, we have investigated the putative effect of curcumin on lung fibroblast differentiation, since these cells provide all the growth factors necessary for normal lung development. Curcumin was found to stimulate the key genes necessary for lipofibroblast differentiation (22) , which protects the lung against oxidant injury (35) . Furthermore, oxidant injury, which downregulates these genes, was inhibited by curcumin treatment in vitro and in vivo, thereby preserving the molecular and structural integrity of the alveoli. At the cellular-molecular level, curcumin sustained the lipofibroblast phenotype, maintaining its ability to take up triolein, which is cytoprotective against oxidant injury (35) and provides substrate for surfactant phospholipid synthesis by the neighboring alveolar type II cell (26, 32) . Mechanistically, it inhibited oxidative stress and hyperoxic activation of TGF-␤ signaling, which is thought to be an important pathway in the pathogenesis of BPD (5, 12, 14, 28) .
Curcumin, an active ingredient of the Indian spice turmeric, is known to have potent antioxidant, anti-inflammatory, and antimicrobial properties, making it an interesting dietary therapy for BPD. However, it is important to point out that a number of studies have stressed the limited bioavailability of oral curcumin, thereby necessitating parenteral administration to achieve its effects (13, 27, 29) . Therefore, we opted for the intraperitoneal route over the oral route for its administration. The dose of curcumin used by us was based on its optimal anti-TGF-␤ effects at 5 mg/kg body wt in our preliminary experiments with 2.5, 5, and 20 mg/kg body wt. This dose is markedly lower than those used in adults by others, either by the oral or parenteral route (10, 29) . Our investigation into the mechanism of curcumin's protective effect on neonatal lung injury suggests blockage of hyperoxia-induced oxidative stress and TGF-␤ activation. Similarly, curcumin has been shown to inhibit bleomycininduced pulmonary fibrosis by modulating TGF-␤ signaling (4, 29) . In the same vein, curcumin has been shown to counteract TGF-␤-mediated downregulation of PPAR␥ in hepatic stellate cells, which are the liver equivalent of AIFs (39) . However, our study is the first to show that parenterally administered curcumin prevents neonatal lung injury by blocking oxidant damage to the developing lung, suggesting its potential role in preventing BPD.
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No conflicts of interest, financial or otherwise, are declared by the authors. Fig. 9 . In vivo hyperoxia-induced activation of TGF-␤ pathway and blockage by curcumin treatment. A and B: phosphorylated-to-total Smad3 ratio and expression of ALK-5 were significantly increased in newborn rats exposed to 95% O2 for 7 days; these effects were completely blocked by concurrent treatment with 5 mg/kg curcumin. Under normoxic conditions, treatment with curcumin did not affect basal phosphorylated Smad3 levels. C: Smad7 was significantly induced by hyperoxia exposure and blocked by concurrent treatment with 5 mg/kg curcumin. Values are means Ϯ SE; n ϭ 3. Fig. 10 . Effect of curcumin on in vivo hyperoxia-induced increase in lung tissue nitrosative stress. After 7 days of exposure to 95% O2, Western blotting on lung tissue from newborn rat pups showed increased 3-nitrotyrosine protein level, an effect that was significantly attenuated by concurrent treatment with 5 mg/kg curcumin. Values are means Ϯ SE; n ϭ 3.
